Postoperative cognitive dysfunction (POCD) is a common disorder following surgery, which seriously threatens the quality of patients' life, especially the older people. Accumulating attention has been paid to POCD worldwide in pace with the popularization of anesthesia/surgery. The development of medical humanities and rehabilitation medicine sets higher demands on accurate diagnosis and safe treatment system of POCD. Although the research on POCD is in full swing, underlying pathogenesis is still inconclusive due to these conflicting results and controversial evidence. Generally, POCD is closely related to neuropsychiatric diseases such as dementia, depression and Alzheimer's disease in molecular pathways. Researchers have come up with various hypotheses to reveal the mechanisms of POCD, including neuroinflammation, oxidative stress, autophagy disorder, impaired synaptic function, lacking neurotrophic support, etc. Recent work focused on molecular mechanism of POCD in older people has been thoroughly reviewed and summed up here, concerning the changes of peripheral circulation, pathological pathways of central nervous system (CNS), the microbiota-gut-brain axis and the related brain regions. Accordingly, this article provides a better perspective to understand the development situation of POCD in older people, which is conductive to uncover the pathological mechanism and exploit reasonable treatment strategy of POCD.
Introduction
Postoperative cognitive dysfunction (POCD) commonly appears after surgery, with an increased prevalence in the geriatric population (> 60 years of age). POCD is a complication characterized by impaired memory, a decline in information handling and reduced attention, accompanied by a series of negative outcomes, such as changes in mood and personality (Le et al., 2014) . The morbid state not only results in a decreased quality of life, but also predicts the exacerbation of disease. A study in 2008 suggested that the one-year mortality was almost twice as high for patients with POCD within three months after surgery when compared to those without POCD (Fodale et al., 2010; Leslie, 2017) . It seems that the risk of POCD in gerontal patients is 25% to 40% (Wei et al., 2019) . In accordance with the International Study of Postoperative Cognitive Dysfunction (ISPOCD), the morbidity of POCD in gerontal patients (> 60 years of age) was approximately 25.8% within seven days after surgery and was 10% within three months after surgery (Moller et al., 1998) . The incidence of POCD at 3 months and 1 year after surgery is approximately 29% and 33.6%, respectively. Moreover, there is no conspicuous difference in morbidity between cardiac and noncardiac surgeries (Van Dijk et al., 2002) . The severity of POCD varies from individual to individual. Cognitive function changes may last for a few days, months or years, and there is a possibility of further deterioration (Fodale et al., 2010) . Long-standing POCD is a persistent problem that will damage patients' survival. Investigations have shown the significance of POCD at 3 months after noncardiac surgery and its relation to an elevated risk of death. Furthermore, those who suffer from POCD are more likely to retire or stop working (Steinmetz et al., 2009) . The development of POCD leads to an array of symptoms that seriously deteriorate living standards, and may bring about other physiological and psychological diseases that negatively affect social stability (Skvarc et al., 2018; Zarbo et al., 2018) .
The international community has called for a systematic study of POCD. The exploration of reliable detection and treatment methods is urgently needed. However, the definition of POCD is still not clear, and the evaluation methods are hard to unify. Anti-inflammation, inhibition of microglia activation and cerebral microcirculation improvement are the potential coping strategies for POCD, but neither medical nor surgical methods have achieved satisfactory clinical results (Wang et al., imperative to uncover the mechanisms of POCD to discover effective and individualized therapeutic strategies. The evaluation of POCD is mainly based on a neuropsychological test battery, which includes a comprehensive diagnosis network combined with biomarker detection and imaging analysis. The main methods are as follows: (1) neuropsychological examination, including the Mini-Mental State Examination (MMSE) (Pangman et al., 2000) , Frontal Assessment Battery (FAB) (Nakaaki et al., 2007) , Wechsler Intelligence Scale (WIS) (Dan et al., 1990; Molteni et al., 2019), etc.;  (2) detection of biomarkers such as inflammation-related biomarkers (Chi et al., 2017) , risk proteins (Kapila et al., 2014) and neurocyte damage markers (Schaefer et al., 2019) ; (3) imagelogical examination (Kant et al., 2017) ; and (4) neuroelectrophysiological examination of mitochondrial membrane potential (Muller et al., 2013) and event-related potential (ERP), such as P300 (Golgeli et al., 2004; Wang et al., 2015) .
The factors closely associated with POCD include preoperative factors such as age and physical state; perioperative factors such as surgery time, anesthesia method and intraoperative hypotension; and postoperative factors such as infection (Le et al., 2014; Monk et al., 2008) . Among these factors, age is the only risk factor for long-term POCD (> 3 months after operation) (Le et al., 2014; Moller et al., 1998; Monk et al., 2008) . However, the relationship between anesthesia depth and POCD incidence is debatable (Hou et al., 2018; Lu et al., 2018; Quan et al., 2019; Royse, 2007) . Different types of surgery may also be influential, and older people undergoing orthopedic surgery are generally more susceptible to POCD (Wei et al., 2017) . Compared with abdominal surgery, cardiac surgery causes wider inflammation and neurological changes that are not limited to the hippocampus (Hovens et al., 2016) .
Pathological processes involved in POCD, such as neuroinflammation , mitochondrial dysfunction, oxidative stress (Netto et al., 2018) , the blood-brain barrier (BBB) damage (Zhang et al., 2016b; Zhu et al., 2018) , neurotrophic support impairment (Fan et al., 2016) and synaptic damage (Xiao et al., 2018) , have been well studied. Evidence exists that these associated molecular pathways are suspected to increase perioperative complications and mortality Kapila et al., 2014) . These related research achievements can be applied to the development of new therapeutic targets that have aroused widespread interest.
In addition, it has been reported that POCD may share several common pathways with neuropsychiatric disorders. Older people with Alzheimer's disease (AD) aggravate the risk of POCD (Evered et al., 2016) , and neural pathways related to AD participate in the etiology of POCD (Alam et al., 2016; Fang et al., 2019) . The pathological characteristics of AD include amyloid plaques formed by extracellular Aβ accumulation and nerve fiber tangles originating from intracellular ptau stacks . Aβ deposition and the phosphorylation of tau protein, the molecular markers of AD, also show an increasing trend in POCD (Schaefer et al., 2019; Wei et al., 2017) . Other studies have demonstrated that the risk of POCD can be enhanced by preoperative depression in older people (Paterniti et al., 2002; Patron et al., 2013) . Furthermore, it has been shown that having a positive preoperative mindset but not being stressful or depressed helps to reduce postoperative delirium (POD) and to promote postoperative cognitive performance (Hudetz et al., 2010) . It can be seen that POCD is associated with not only the neurological diseases but also the mental diseases; more precisely, the neuropsychiatric disorders may play a role through inflammatory reaction, the BBB damage, microglia activation and so on (Pape et al., 2019) .
Peripheral changes related to POCD in older people

Peripheral inflammation and related factors
The peripheral environment is closely connected with the CNS. On the one hand, pro-inflammatory signals produced by the peripheral immune system enter the brain and cause neurotoxic symptoms (Balusu et al., 2016) . On the other hand, inflammatory factors get into the peripheral circulation to regulate the systemic inflammatory response (Burmeister and Marriott, 2018) . The correlations between peripheral and central immunity are as follows: (1) peripheral cytokines stimulate microglia through the vagus nerve to produce pro-inflammatory factors, (2) cerebrovascular endothelial cells activated by peripheral cytokines will secrete secondary messengers and promote the release of pro-inflammatory cytokines in the CNS, and (3) peripheral cytokines may transfer into the brain through paraventricular areas of the BBB (Lim et al., 2013) . Peripheral inflammation is considered to trigger central Aβ accumulation, cerebrovascular injury and cognitive impairment (Cattaneo et al., 2017; Marottoli et al., 2017) . The role of peripheral inflammation in neuropsychiatric diseases such as AD (Marottoli et al., 2017) , schizophrenia (Bulzacka et al., 2016) , dementia (Cunningham and Hennessy, 2015) and age-related cognitive decline (Dev et al., 2017) has been elucidated by using both animal and clinical models.
Under surgical stimulation, intracellular substances such as RNA released from damaged tissues and organs will be recognized by the relevant receptors of immune cells (Noll et al., 2017) . In addition, the initiation of inflammation by substances such as inflammatory mediators has been demonstrated, which helps to upregulate the expression of pro-inflammatory factors (e.g., TNF-α, IL-1β, and IL-6) by macrophages in the peripheral circulation . The related factors produced by the peripheral immune system can trigger the central response and amplify neuroinflammation through the vagus afferent nerve or the BBB (Ma et al., 2017) . When stimulated, microglia, bone marrow-derived macrophages (BMDMs), mast cells and T cells in the CNS release more inflammatory cytokines that will concentrate in specific brain regions in response to the above process. Accordingly, neuroinflammation after surgery is further aggravated, and that give rise to cognitive disorders (Liu and Yin, 2018) .
An increase in S100A12 in the blood circulation can be detected after operation. At this time, S100A12 acts as a pro-inflammatory factor and damage-associated molecular pattern (DAMP). By interacting with the receptor for activated glycation end products (RAGE) of macrophages, S100A12 leads to an inflammatory immune response, which is followed by intracephalic signal transmission and central inflammation. S100A12 is considered to be a promising biomarker for POD and POCD in senile patients due to its independent association with POCD and serum C-reactive protein . Likewise, studies also have indicated that the level of S100B may be elevated under stress, and the increase in S100B in body fluids has been regarded as a biomarker of pathological states such as brain injury and neurodegeneration (Michetti et al., 2012; Schaefer et al., 2019) .
Another POCD-related matter in peripheral blood is the elevation of HMGB1 levels after operation (Vacas et al., 2014) . HMGB1 occupies an important place in the stress response induced by traumatic stimulation, not only for its action in sepsis, acute lung injury and systemic inflammatory response syndrome (SIRS) but also for its participation in the pathogenesis of multiple organ injuries (Mantell et al., 2006) . HMGB1 interacts with the pattern recognition receptors of macrophages to activate innate immune responses and mediate neuroinflammation. In aged rats, the increase in HMGB1 in the hippocampus has been suspected to have a hand in cognitive impairment (He et al., 2012) . For older people, noteworthy enhancement of serum HMGB1 and IL-6 may pose a threat of cognitive impairment, which has been confirmed by clinical investigations (Lin et al., 2014) .
Immune system dysfunction and inflammation are involved in the loss of bloodstream CREB and altered cerebral CREB signaling, bringing about undesirable outcomes such as cognitive decline. Within the brain, CREB transforms into an activated p-CREB form through phosphorylation at Ser133, and takes part in the transcription of genes related to LTP formation and synaptic plasticity, such as Egr-1, together with transcription cofactors such as CREB binding protein (CBP). By X. Lin, et al. Experimental Gerontology 130 (2020) 110791 investigating AD patients, it was found that p-CREB expression in peripheral blood mononuclear cells (PBMCs) was associated with that in the brain, suggesting a connection between the peripheral and central regulation of CREB (Bartolotti and Lazarov, 2019) . In addition, acute phase proteins synthesized by the liver, such as Creactive protein (CRP), have been shown to indicate systemic inflammation. Circulating CRP and IL-6 levels increase with age, which seem to be implicated in the pathogenesis of cognitive decline in older people (Lim et al., 2013) .
Peripheral immune cells
The "microglial activation/neuroinflammation/cognitive impairment" pathway is recognized by most researchers, but studies remain confusing regarding the communication between peripheral immune cells and the CNS (Fan et al., 2015b) . The BBB is composed of three layers, glial membranes consisting of astrocyte end feet, the capillary basement membrane, and capillary endothelial cells with their tight junctions (Abbott et al., 2010) . The tight junctions of the BBB mainly consist of occludin and claudin-5 proteins (Hawkins and Davis, 2005) . It is believed that active peripheral immune cells destroy the integrity of the BBB after anesthetic inhalation or surgical stimulation. Activated monocytes and lymphocytes originating from the peripheral circulation will transfer into the brain to impact nerve function subsequent to their regulation of neuroinflammation within the central immune system (Mietelska-Porowska and Wojda, 2017) .
It has been reported that occludin and claudin-5 in the brain tissue of POCD mouse models decrease significantly, indicating the damage of the BBB. By contrast, CD4 + cells and NK cells in the hippocampus increase, confirming the peripheral immune cells passing through the damaged BBB and their participation in hippocampal immune inflammation . Increased T lymphocytes and decreased NK cells in the hippocampus, as deduced by a study of AD, prove the intracellular transport of peripheral T cells and the involvement of NK cells in the pathogenesis of neurodegenerative diseases (Le Page et al., 2018) .
There is more than one path by which BMDMs affect the CNS. TLRs and RAGE on the membrane of BMDMs match up with HMGB1 released by damaged cells under stress to regulate the activation of microglia in the CNS through the NF-κB pathway. Alternatively, BMDMs can directly infiltrate brain through the damaged BBB to secrete pro-inflammatory factors and mediate the inflammatory response (Safavynia and Goldstein, 2018; Vacas et al., 2014) .
Interpenetration between the peripheral immune and central immune systems aggravates the neuroinflammatory response, cerebral tissue lesions and the development of POCD (Fig. 1 ).
CNS changes related to POCD in older people
Uncontrolled responses of glial cells (microglia and astrocytes), neurotoxic changes and neurotrophic support feebleness are conditions strongly associated with POCD. There is evidence that biological changes in brain areas, especially postoperative inflammation, are the major reasons for memory decline and behavioral disorders (Hovens et al., 2015) . Complex intracellular and intercellular molecular changes are involved in various cause-and-effect pathways. At present, many resources are invested in the study of the CNS in an attempt to decipher the "brain code" of cognitive dysfunction diseases.
Changes in microglia
Microglia, which are polysynaptic and plastic, are known as the "macrophages of the CNS". Normally, as the resident cells of the CNS that monitor health status and respond to injury stress, their duties include removing debris from tissues, synthesizing substances necessary for the development of neurons to promote survival, and responding to dangerous signals at an early stage (Nayak et al., 2014) .
Aging weakens the body's defense mechanisms and causes an irreversible degeneration of the morphological characteristics of microglia. Evidence exists for a link between aging and cognitive function (Dumas, 2017) . In fact, aging has not only positive effects on microglial activation and pro-inflammatory cytokine expression but also negative effects on microglial clearance ability and anti-inflammatory cytokine expression, which may lead to inflammation in the CNS and immune environment imbalance (Niraula et al., 2017) . As a result, neurotoxicity and damage of neurons occur. In neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease and Huntington's disease, the persistent proliferation of microglia is considered to be a crucial part of these basic pathological processes (Harry, 2013) .
In the aged brain, the activation and increased susceptibility of microglia are suspected to be related to NLRP3 priming. In addition to ROS, low intracellular K + levels and decreased lysosomal membrane stability, the functions of the NLRP3 inflammasome also include the production of mtROS, the spillover of mtDNA into the extracellular matrix and the transfer of NLRP3 towards mitochondria due to mitochondrial dysfunction (Guo et al., 2015; Wei et al., 2019) . NLRP3 inflammasome activation can be divided into two main steps. First, in the priming process, stimuli, such as PAMPs, sensitize NF-κB and cause its transference into the nucleus. The NLRP3 protein is deubiquitinated and assembled into the NLRP3 inflammasome with ASC and pro-caspase 1 after being produced through NLRP3-related gene transcription. Second, in the activation process, various internal and external stimuli, such as whole pathogens, PAMPs, DAMPs and environmental factors (Schroder and Tschopp, 2010) , can be recognized by the NLRP3 inflammasome, leading to activation (Yu and Lee, 2016) . It is now believed that NLRP3-related gene transcription increases in the wake of aging. Microglia form a "priming phenotype", which can rapidly activate inflammatory pathways when subjected to a small stimulus. A series of downstream cascade reactions produced through canonical and noncanonical pathways are identified as indicators sensitizing the CNS and contributing to exaggerated pro-inflammatory effects (Gaidt and Hornung, 2018; Wang et al., 2018) (Fig. 2) . However, the potential effects of NLRP3 priming in the POCD of older people require further examination. It has been reported that phosphorylation of the S194 site of NLRP3 mediated by JNK1 (subclass of MAPK pathway) is the key to the deubiquitination of the NLRP3 protein and promotes the subsequent assembly of inflammasome components (Song et al., 2017) . Therefore, the enhanced NLRP3 priming status and a tendency towards inflammation in the internal environment make it understandable that older people bear a greater risk of cognitive dysfunction after surgery.
Microglia can be activated in two ways. First, inflammatory mediators stimulate microglia to differentiate more into the M1 phenotype. Second, activated mast cells (MCs) may induce microglial activation and neuronal damage, leading to inflammation of the CNS (Safavynia and Goldstein, 2018) . After activation, morphological and functional adjustments are made in microglia, facilitating molecular rearrangement on the cell surface and accelerating cell-matrix interaction. With the changing events, microglia tend to release a variety of factors and compounds connected with oxidative stress, pro-inflammatory reactions and immune regulation (Skvarc et al., 2018) . Claims that aging is a powerful factor in NLRP3 activation have been borne out by recent studies on age-related diseases (Salminen et al., 2012) . Throughout aging accompanied by oxidative stress, glycation and chronic low-grade inflammation, the adaptive immune system degenerates and the innate immune system blossoms in older people, creating an internal inflammatory state (Mastrocola et al., 2018) .
Autophagy is a "cleaning process" through which cells eliminate damaged macromolecules and organelles. Cell homeostasis is maintained by inhibiting cell apoptosis and promoting cell survival by means of autophagy (Zhang et al., 2016e) . The immune decline in the aged brain, combined with attacks from "dangerous challenges" such as surgery, can lead to changes in important pathways of regulating autophagy in microglia, resulting in a variety of "aging phenotypes" on the cell surface (Zhang et al., 2016a) . Autophagy-deficient microglia may lead to protein misfolding and accumulation of useless proteins, organelles and lipids due to their inability to be degraded by phagocytosis. Autophagic dysfunction contributes to ongoing microenvironmental toxicity within cells and promotes apoptotic outcomes through death receptors or mitochondrial pathways (Gupta, 2001) .
Aging and stress signals can induce deterioration of mitochondrial biological function; therefore, a number of age-related changes in mitochondria happen in microglia, such as the gradual accumulation of mitochondria due to a decrease in mitochondrial membrane potential (ΔΨm), mitochondrial depolarization and mitophagy decline (Moreira et al., 2017) . On this basis, the effects of anesthesia and surgery further attack cellular function, impair its respiratory chain and produce mtROS. Free radicals attack and mutate the mitochondrial DNA lacking protein protection, which induces the transmission of retrograde signals Fig. 1 . Inflammatory factors secreted by peripheral immune cells activate microglia through the bloodbrain barrier. Various harmful stimuli attack normal cells. DaMPs (including HMGB1) released by damaged cells are recognized by the corresponding receptors of the circulating macrophages. After binding to the TLRs and RAGE expressed on the membrane of macrophages, DaMPs trigger the NF-κB pathway in the cytoplasm. I-κBs, which is bound to NF-κB in resting state, is degraded through phosphorylation and ubiquitination. Therefore the nuclear transfer sites in NF-κB are exposed and the nuclear transference of NF-κB is induced. As transcription factors, NF-κB regulates the expression of pro-inflammatory genes and promotes cell secretion of inflammatory factors (IL-1, IL-6, IL-8, and TNF-α). Pro-inflammatory factors not only induce vascular endothelial cells to produce PGE2 and MMP, but also destroy the matrix proteins and tight junctions of blood-brain barrier. Thereafter, the inflammatory factors, dangerous signals and peripheral immune cells seize the chance to enter the brain through the integrity-impaired blood-brain barrier for further activation of microglia.
X. Lin, et al. Experimental Gerontology 130 (2020) 110791 through the Ca2 + /CaN and NF-κB pathways. Ultimately, the expression of nuclear genes is activated (Li et al., 2017b) . Mitochondria are the major sites of ROS production, and are most vulnerable to ROS attack. Oxidative damage is followed by destruction of the respiratory chain, and a vicious cycle forms (Wei et al., 2019) . In defective mitochondria, a reduction in the internal membrane potential (ΔΨm) is responsible for opening the permeability transition pore (mPTP), followed by the leaking of electrons in respiratory chain complexes due to increased membrane permeability. After superoxide anions are synthesized with molecular oxygen, the compounds escape from mitochondria and generate oxidative products such as ROS, which will strongly invigorate the oxidative stress response and lay the foundation for cell apoptosis. Some argue that activation of the NLRP3 inflammasome partly stems from the accumulation of mitochondrial events (Yu and Lee, 2016) . The NLRP3 inflammasome can be activated by both mtROS aggrandizement, which induces the binding of TXNIP with the leucine repeat fragment of the NLRP3 protein, and mtDNA released from damaged mitochondria to the cytoplasm through its direct binding with NLRP3 (Wei et al., 2019; Yu and Lee, 2016) . Based on that, the regulation of pro-inflammatory factors by the canonical or noncanonical pathways promotes an ongoing inflammatory cascade reaction through a feedforward effect in cells. The Aβ plaques found in AD and in the normal aging brain are also known as cerebral cortex senile plaques (Cras et al., 1991) . Extracellular Aβ deposition in older people is a potential biomarker of cognitive-function-related diseases such as AD (Thal, 2015) and POCD . The inhibition of microglial autophagy and the activation of the NLRP3 inflammasome switch the production of insoluble Aβ into overdrive, and synaptotoxicity results as plaques take shape by deposition of amyloid protein on the cell surface .
Aging is one of the main causes of endoplasmic reticulum stress (Mihailidou et al., 2017) . Recent evidence that endoplasmic reticulum stress plays a part in the neurodegeneration induced by Aβ has underlined the association between the decline in cognitive function in older people and endoplasmic reticulum stress (Tsuda et al., 2017) . Necrosis and apoptosis are two possible mechanisms of cell death under stress (Zhang et al., 2016e) . In a mouse model of spinal cord injury, the related constituents of necrosis were localized not only in the cell membrane but also in the endoplasmic reticulum of microglia and macrophages, implying that microglia participate in cell necrosis through endoplasmic reticulum stress (Fan et al., 2015a) . Studies in other animal experiments suggested that endoplasmic reticulum stress activated the TXNIP signaling pathway and promoted inflammatory injury and apoptosis (Zhao et al., 2017) . However, there is no firm consensus regarding the relationship between endoplasmic reticulum stress and cognitive function changes in aged individuals. Endoplasmic reticulum stress is one of the roads to neuron damage and POCD caused by anesthesia or surgery, according to some studies (Ge et al., 2015) . In addition, current reviews have shown that mild endoplasmic reticulum stress may limit the accumulation of misfolded proteins as well as endotoxemia and improve lipopolysaccharide (LPS) induced neuroinflammation and cognitive impairment .
Autophagy disorders, mitochondrial dysfunction and the pro-inflammatory response of microglia have been extensively studied and are closely related to a variety of neurodegenerative and psychiatric diseases characterized by cognitive impairment Kempuraj et al., 2018; Venegas et al., 2017) . These molecular changes communicate with each other and interweave into networks and are obviously responsible for the stage of cognitively relevant diseases.
Changes in astrocytes
The importance of healthy astrocytes in the nervous system is embodied in neurogenesis, energy metabolism, immune defense, neural transmission and so on (Oberheim et al., 2012) . On the one hand, astrocytes regulate the transport of glucose and lactic acid for the benefit of energy supply for the nervous system. On the other hand, astrocytes manage the absorption and recycling of central glutamine with the purpose of maintaining synaptic transmission and a safe level of glutamate (Femenia et al., 2018) . Astrocytes act as a bridge between the peripheral environment and the CNS. Some astrocytes are connected to the vascular wall through the formation of perivascular end feet to The activation of NLRP3 inflammasome can be divided into priming process and activating process. (1) Priming process. Agonists such as PAMPs and pro-inflammatory factors can activate microglia and trigger NF-κB transfer procedure. By means of NF-κB signaling pathway, the transcription of NLRP3-related genes is promoted. On the basis, the NLRP3 protein is produced. And after being deubiquitized, the NLRP3 protein assembles together with ASC and pro-caspase1 into the NLRP3 inflammasome. (2) Activating process. Various noxious factors in vitro (such as a whole pathogen, PAMPs, DAMPs, etc.) and other risk factors (such as the ROS, mtDNA, and leaked cytoplasmic potassium ions) can induce the activation of NLRP3 inflammasome. Therefore, a series of downstream reactions are motivated, including the deposition of Aβ, the canonical caspase-1/IL-1β activation pathway and the noncanonical activation pathway mediated by caspase-4, 5 and 11. The canonical pathway, which directly promotes the secretion of IL-1β and IL-18, will induce cell death in the end. However, the noncanonical pathway can lead to negative consequences indirectly by participating in the canonical pathway. X. Lin, et al. Experimental Gerontology 130 (2020) 110791 occupy a crucial position in the BBB with the assistance of two key proteins, GFAP and AQP4 (Abbott et al., 2006; Femenia et al., 2018) .
Other astrocytes are connected with the synapses of neurons, acting as a medium between the peripheral circulation and the CNS for communicating and transmitting information (Kim et al., 2017) . As a susceptibility state, aging is particularly associated with astrocytic diseases and has some effect in altering astrocytic structure. In regard to functional influences, aging plays an important role in interfering with energy metabolism, glutamate reabsorption and antioxidant function. Additionally, aging also affects cholinergic signaling channels and ion levels, such as potassium and calcium (Osborn et al., 2016) . As a consequence, various neurological diseases result, including Alzheimer's disease (AD) (Oliveira et al., 2019) , Parkinson's disease (PD) (Diniz et al., 2019) , Huntington's disease (HD) (Cho et al., 2019) , amyotrophic lateral sclerosis (ALS) (Garbuzova-Davis et al., 2019), etc.
There are several hypotheses as to how neuroinflammation correlates with astrocyte activation in aging brains. It has been reported that proinsulin combats cognitive decline in aged mice by inhibiting the activity of astrocytes and neuroinflammation (Corpas et al., 2017) . Signaling ligands such as lipopolysaccharide and pro-inflammatory factors are recruited following the astrocytic inflammation pathway started by TLRs recognizing PAMPs. After triggering downstream signaling pathways, NF-κB is activated, and inflammatory cytokines are released. Mounting evidence has shown a leading role of TLR4, and it may be a potential target for the treatment of cerebral injury (Henneberger and Steinhauser, 2016; Jiang et al., 2018; Li et al., 2016) .
Astrocytes and microglia cooperate with each other during inflammatory processes in the CNS. The possible mechanisms of astrocyte-microglia communication are as follows. (1) Endoplasmic reticulum stress. In astrocytes, the phosphorylation of PERK by JAK1 brings about endoplasmic reticulum stress, and activation of the JAK1/ STAT3 pathway subsequently follows, and produces biological effects by influencing DNA transcription and secreting more cytokines such as IL-6. Through paracrine secretion, endoplasmic-reticulum-stressed astrocytes activate microglia and promote the formation of pro-inflammatory factors (Meares et al., 2014) . (2) CCL2-CCR2 axis. Activated microglia and astrocytes both enhance the monocyte chemotactic protein 1 (MCP-1)/chemokine ligand-2 (CCL-2) signaling pathway, which can interact with its homologous chemokine receptor 2 (CCR2) to further activate microglia. By attracting BMDMs into the brain (Liu and Yin, 2018) , surgically induced cognitive impairment occurs as a result of neuroinflammation (Kapila et al., 2014; Xu et al., 2017) . (3) Mediation of Th1 cells. Peripheral stimulation activates T cells in the blood circulation. After entering the CNS through the BBB, IL-12 and other factors stimulate Th0 cells to differentiate into Th1 cells (Prajeeth et al., 2017) . The Th1 cells act on microglia and astrocytes. Following the reaction of pro-inflammatory factors and chemokines, microglia aggregation is generated and the proliferation of astrocytes increases.
In addition to differentiating into Th1 cells, Th0 cells are able to differentiate into Th17 cells through the induction of IL-6 and TGF-β. IL-17A secreted by Th17 is the key driver of autoimmune inflammation. In addition to preferentially acting on the IL receptor (IL-R) complex expressed by astrocytes and promoting the proliferation of astrocytes, IL-17A also continuously activates the TGF-β/APP/Smad signaling pathway (Tian et al., 2015) . The synergistic effect of these pathways, together with the differential expression of immune response and mitochondrial genes in glial cells, is responsible for the upregulation of APP transcription, giving rise to the increase in Aβ production and the decrease in its clearance (Sekar et al., 2015) . Thus, the structure and function of synapses are weakened and POCD results. Concurrently, cellular fibrosis occurs as a result of the accumulation of glycogen and GFAP (glial fibrillary acidic protein) intermediate filaments via activated astrocytes in the aging brain (Kapila et al., 2014) , which may ultimately induce cellular dysfunction. Impaired astrocyte-neuron metabolic coupling is crucial to neuropathy after surgery (Bar El et al., 2018; Femenia et al., 2018) . The metabolic environment of the hippocampus is also changed under the influence of aging and surgical stimulation (Martin et al., 2016; Xu et al., 2014) . The lack of glucose and lactate transporters in astrocytes leads to an insufficient supply of energy (Suzuki et al., 2011) . An inadequate expression of proteins involved in glutamate metabolism contributes to the disruption of glutamate homeostasis as well as the excessive accumulation of glutamate in the hippocampus (Zumkehr et al., 2015) . Excitotoxicity is produced by means of binding with glutamate receptors (Femenia et al., 2018) . Evidence continues to accumulate associating significant differences in gene expression and physiological functions of astrocytes between regions of the brain (Bayraktar et al., 2014) . Different localized astrocytes interact with neurons in various ways, resulting in heterogeneous neurological functions (Oberheim et al., 2012; Xin and Bonci, 2018) . According to studies on ischemic stroke, it seems that astrocytes undergo epigenetic changes during aging (Chen et al., 2016) . Downregulated neurosteroid hormone production and irreversible astrocyte damage aggravate the condition of cerebral ischemia in older people and lead to cognitive impairment (Chisholm and Sohrabji, 2016) . In addition, the decline in dopamine metabolic activity in astrocytes that surround nigrostriatal dopamine (NSDA) neurons is related to age and is neurotoxic; thus, it is important to consider this factor in the study of aged mice (Winner et al., 2017) .
Changes in mast cells
Mast cells (MCs) are mostly located in the peripheral immune system. Indeed, MCs also inherently exist in the CNS, such as in the meninges, choroid plexus and brain parenchyma (Fritscher et al., 2018) . Owing to their plentiful inclusion compounds containing histamine, enzymes, growth factors, leukotrienes and so on, MCs are related to allergic diseases and host defense (Liu and Yin, 2018; Skaper et al., 2014) . Compared with those in young people, mast cells in aging individuals are more sensitive to stimulation and are more likely to degranulate (Nguyen et al., 2005) . Apart from inducing neuroinflammation and microglial activation by releasing a large number of mediators (Zhang et al., 2016c) , mast cells are conducive to amplifying and prolonging neurological responses as well as promoting the destruction of the BBB (Li et al., 2017a) . Under some specified conditions, peripheral mast cells are recruited into the CNS through a damaged BBB and sequentially participate in the extensive connection between the adaptive immune response and the innate immune response (Skaper, 2016) . Additionally, in all likelihood, mast cells lead to the inflammation in the CNS and induce POCD (Zhang et al., 2016d) .
Changes in neurons
Immune cells and factors in the peripheral circulation conditionally destroy the BBB and transmit stress-related signals to the brain under injurious influences. In addition, microglia and astrocytes are activated in the CNS, leading to the development of neural damage in injured brain areas through inflammation, oxidative stress, organelle damage, increased phosphorylation of tau protein and expression of apoptotic genes . Therefore, the resultant functional impairment of the CNS inhibits the execution of normal learning and behavioral capability.
With aging, the ability to produce new neurons by neural stem cells (NSCs) gradually declines (Apple et al., 2017) . External stimulation kills neurons in various ways, and the occurrence of POCD is known in older people. The degree of cognitive decline in neurodegenerative diseases such as AD in older people is consistent with the level of neuronal death and synaptic loss (Carter and Lippa, 2001) . Neurons mainly rely on selective ubiquitin-proteasome pathways and nonselective autophagylysosome pathways to sense misfolded or damaged proteins. These approaches help to maintain cell homeostasis and mediate cell death, including nonprogrammed cell death (cell necrosis) and programmed X. Lin, et al. Experimental Gerontology 130 (2020) 110791 cell death (apoptosis and pyroptosis). As revealed by studies, calpain and cathepsin are involved in neuronal necrosis, while caspases (cysteinyl aspartate specific proteinase) mediate neuronal apoptosis and apoptosis (Yagami et al., 2019) . The unfolded protein response (UPR) is triggered by misfolded proteins in neurons via the impact of a harmful external environment or internal gene expression (Hetz, 2012) . For the purpose of protecting neurons, three sensors in the endoplasmic reticulum, ATF6, IRE1 and PERK, are activated to gain adaptive cellular responses through a series of molecular pathways, such as protein folding quality regulation, antioxidant activation and autophagy promotion. However, a protective mechanism like this may not be able to resist the tendency towards UPR-mediated cell death. Pathways such as CHOP/apoptotic proteins/ caspase and JNK/ASK1 can be initiated by endoplasmic reticulum stress to realize apoptosis (Hetz, 2012; Walter and Ron, 2011) (Fig. 3) .
Changes in neurotransmitters and synapses
Synapses, consisting of the presynaptic membrane, synaptic space and postsynaptic membrane, are the place where neurons connect with other cells (Biederer et al., 2017) . Pathological changes in synapses interrupt nerve impulse conduction and cut off command-execution channels between different cerebral regions (Spires-Jones and Hyman, 2014). As the challenges accumulate, clinical symptoms related to neurological dysfunction start to emerge (Kurt et al., 2004) . Research work increasingly addresses the concept that the inflammatory environment weakens synaptic plasticity as a destructive factor (Mandolesi et al., 2015) . The structure of affected neurons is destroyed Fig. 3 . Changes of the microglia, astrocytes and neurons in older people caused by anesthesia/surgery. The NLRP3 inflammasome in microglia of aged brain is in a sensitive state and tends to induce inflammatory cascade reaction under stimulation. In addition, autophagy of microglia is weakened, along with the occurrence of mitochondrial dysfunction, endoplasmic reticulum stress and an excessive Aβ deposition. The astrocytes not only promote the inflammatory process via TLRs pathway but also produce a toxicity of synapses by increasing the content of Aβ. Other cells may be attacked by the astrocytes through metabolic coupling disorders concerning glucose and glutamate. The activation and proliferation of senescent astrocytes can cause an accumulation of glycogen and GFAP intermediate filaments, which will induce cell fibrosis. The two kinds of glial cells can communicate with each other through the MCP1/CCL2/CCR2 signaling pathway and Th1 cells. Accordingly, the pathological processes will lead to neuronal necrocytosis, apoptosis and pyroptosis. X. Lin, et al. Experimental Gerontology 130 (2020) 110791 by phosphorylated tau protein accumulated in neurons and Aβ plaque deposited at the end of synapses (Spires-Jones and Hyman, 2014). Coupled with impaired axonal transport, all the above may contribute to POCD through initiating synaptic loss and neuronal dysfunction . Recent reviews have also suggested that synaptic loss with age produces a negative effect on cognition and motor function (Tetruashvily et al., 2016) .
Glutamate is considered to be the basis of memory as an important cerebral excitatory neurotransmitter, especially in the formation of LTP (Skvarc et al., 2018) . The CNS mainly includes two kinds of glutamate receptors, metabolic glutamate receptors (mGluRs) and ionic glutamate receptors (NMDAR, AMPA and KAR) (Safavynia and Goldstein, 2018; Xu et al., 2019) . Furthermore, there are two main types of glutamate transporters in the hippocampus: glutamate transporter 1 (EAAT2 in humans, GLT1 in rodents) and excitatory amino acid carrier 1 (EAAT1 in humans, GLAST in rodents) (Dumont et al., 2014) .
Pathologically, glial cells secrete a large amount of TNF-α, and in addition to inducing neuroinflammation as an inflammatory mediator, TNF-α also alters glutamate metabolism in two ways. (1) TNF-α directly induces the expression of AMPA receptors lacking the GluR2 subunit and NMDA receptors lacking the NR2B subunit to increase Ca 2+ permeability in neurons and suppresses the expression of GABAA (γ-aminobutyric acid type A) inhibitory receptors, giving rise to an enhancement of the AMPA/NMDA pathway through which more excitatory postsynaptic currents (EPSCs) are produced (Riazi et al., 2015) . In addition to TNF-α, IL-6 and other pro-inflammatory factors, glutamate signaling can be enhanced by HMGB1 through the NMDA receptor, which results in the downregulation of mGluRs and leads to the enhancement of AMPA/NMDA signaling together with the increase in glutamate inflow into hippocampal neurons (Safavynia and Goldstein, 2018) . (2) TNF-α indirectly inhibits the glutamate transporter (GLAST) on astrocytes to hinder glutamate uptake and recycling. The resulting excessive glutamate production will disturb the balance between excitation and inhibition (Dumont et al., 2014; Olmos and Llado, 2014; Skvarc et al., 2018) , which results in glutamate poisoning. Studies have shown a decline in GLAST expression induced by TNF-α through AP-1 (activator protein-1) and CREB (cAMP response element binding protein), while the effect of stimulation by cytokines on GLT-1 is still controversial (Dumont et al., 2014) . Moreover, peripherally activated T cells are considered to regulate the release of glutamate by secreting IL-16 (also known as lymphocyte chemotactic factor, LCF) after their infiltration into the CNS (Hridi et al., 2019) .
The effect of glutamate excitotoxicity on neurodegenerative diseases and neurological injuries has been established (Jhamandas et al., 1994; Xu et al., 2019) . Glutamate receptors (especially NMDAR) are partly stimulated by increased glutamate in cerebrospinal fluids or outside the cell, leading to an overload of intracellular calcium. A high concentration of Ca 2+ has demonstrated positive effects in the opening of the mitochondrial permeability transition pore (mPTP). Along with the increased production of reactive oxygen species (ROS), the destroyed energy balance results in mitochondrial dysfunction and may induce neuronal excitotoxicity and necrosis thereafter (Rivero-Segura et al., 2019) .
Possibly due to the beneficial effect of the cholinergic signaling pathway, cognitive test following cholinergic treatment in older people with POCD show an improved result Naicker et al., 2016) . When using acetylcholinesterase inhibitors to prevent surgeryinduced cholinergic system decline, acetylcholine (ACH) synthesis is effectively promoted and cognitive impairment in the aged brain after surgery is prevented Li et al., 2012) . Peripheral trauma not only activates inflammation but also promotes the production of ACH in the circulation through the vagus nerve. By interacting with the α7 nicotinic acetylcholine receptor (α7nAChR) on macrophages or the microglial membrane, ACH threatens the NF-κB signaling path downstream. Furthermore, the suppression of pro-inflammatory factor production and the promotion of anti-inflammatory factor secretion are thought to be aroused by ACH. The view that the cholinergic anti-inflammatory pathway (CAP) is one of the body's resistance mechanisms against harmful inflammation has been confirmed by recent research (Safavynia and Goldstein, 2018; Xiong et al., 2009 ).
Changes in nutritional support
Brain-derived neurotrophic factor (BDNF) is an important part of the CNS and is synthesized in neurons and glial cells. It is involved with processes such as neural development, cellular differentiation and synaptic plasticity. In addition, BDNF plays a role in the progression of many neuropsychic diseases. Insufficient BDNF is closely connected with age-related hippocampal dysfunction and may trigger memory impairment and an increased risk of depression (Erickson et al., 2012) . BDNF mRNA transcription, which is dependent on neuronal activity, can be activated by calcium influx through Ca 2+ osmotic glutamate receptors (mainly NMDAR) and voltage-gated Ca 2+ channels (Bjorkholm and Monteggia, 2016) . BDNF released by neurons binds to its specific receptor, tropomyosin receptor kinase B (TrkB), to provide nutrition for neurons (Song et al., 2015) . In addition, BDNF/TrkB regulates the secretion of transmitters and reduces the toxicity of Aβ deposition through several main signal transduction pathways, such as PLC-γ/PKC, Ras/MAPK/ERK and PI3K/AKT/mTOR (Numakawa et al., 2010) . Therefore, changes in BDNF expression or the destruction of BDNF-TrKB signal path may drive the nervous system to abnormal differentiation, synaptic loss and cognitive dysfunction (Kowianski et al., 2018) . As the above pathological processes are evolving, neurodegenerative or psychiatric symptoms may be the consequences (Dincheva et al., 2016; Song et al., 2015) .
The microbiota-gut-brain axis related to POCD in older people
Several studies of POCD have focused on the microbiome-gut-brain axis Yang et al., 2018; Zhan et al., 2018) . The intestinal microbiota alteration occurs together with the general decline of older people and the age-related microbiota will affect physiological processes (O'Toole and Jeffery, 2015) . It has been reported that the abnormal composition of gut microbiota has different roles in the onset of autism (De Angelis et al., 2015) , depression (Koopman and El Aidy, 2017) , schizophrenia (Dickerson et al., 2017) and Alzheimer's disease . Therefore, the intestinal microbiota imbalance is suspected to have neurological effects on the host and increase the risk of neural degeneration such as POCD (Mangiola et al., 2016; Zhan et al., 2019) .
The paths connecting the gut microbiota and the brain mainly include neural network, immunization route, endocrine axis and barrier pathway (Farzi et al., 2019; Mulak and Bonaz, 2015) . The intestinal microbiota information can be transported to the CNS by the autonomic nervous system (ANS) and vagus nerve (VN) (Bonaz et al., 2018) . And regulatory factors such as glucagon-like peptide-1 (Yamane and Inagaki, 2018), brain-derived neurotrophic factor (BDNF) (Maqsood and Stone, 2016) and 5-hydroxytryptamine (5-HT) are believed to participate the microbiota-brain axis (Clarke et al., 2013) . Moreover, the functions of enteral B cells, T cells and mucosal barrier are also involved (Pellegrini et al., 2018; .
Some studies have dealt with the molecular mechanisms involved in the above pathways. The relationship between gut microbiota and mitochondria has been proved recently (Mottawea et al., 2016) . For one thing, intestinal microbiota can regulate the transcription of genes such as PGC-1α, SIRT1 and AMPK in mitochondria, and influence the mitochondrial energy metabolism, ROS production and inflammatory response. For another, the barrier function, immune function and microbiota composition of the intestinal tract may be influenced by the biological processes of mitochondria (Clark and Mach, 2017; Dinan and Cryan, 2017) . Intestinal microbial changes disrupt the intestinal mucosal barrier and the BBB (Marungruang et al., 2018; Pellegrini et al., X. Lin, et al. Experimental Gerontology 130 (2020) 110791 2018). By means of triggering inflammation (Abautret-Daly et al., 2018) , oxidative stress and mitochondrial dysfunction (Dumitrescu et al., 2018) , the gut microbiome alteration may shape the CNS through the microglia-mediated neuronal toxicity (Tse, 2017) . Therefore, by increasing the inflammation, sensitization as well as the damage of the related brain regions, the gut microbiota are supposed to be associated with POCD (Zhan et al., 2019) .
POCD-related brain regions in older people
Clinical studies bear out that the brain regions involved in POCD include the hippocampus, insula, thalamus, cerebellum (Hovens et al., 2012) , etc. Current studies that mainly focus on hippocampal neuroinflammation have not covered the entire range of POCD (Hovens et al., 2015) . In animal models, the effects of age and surgery on cognition seem to be regionally specific. Different brain locations have different effects on microglial activation and synaptic changes, verifying the regional diversity of neuroinflammation and emphasizing the importance of extending POCD research beyond the hippocampus (Hovens et al., 2015; Morrison and Baxter, 2012) .
Although many areas of the brain are involved with cognitive processes, the role of the hippocampus in supporting learning and memory is explicit. The operation may induce an obvious loss of dendritic spines in hippocampal CA1 and dentate gyrus neurons in aged rats (Le et al., 2014) . Therefore hippocampus-dependent POCD occurs accompanied by inflammation and neurotoxicity (Xiao et al., 2018) .
The prefrontal and temporal lobes are the main areas controlling brain function . Advanced behavior is commanded by the prefrontal cortex, and one of the signs of cognitive deterioration is impaired prefrontal lobe function. The idea that the prefrontal cortex has correlation with POCD has been indicated by some studies (Ling et al., 2015; Sun et al., 2017) , and it is also reported that the prefrontal cortex is more sensitive to age than other lobes . In rhesus monkeys, age-related synaptic damage was found to be associated with the loss of spines in the prefrontal cortex, and the medial temporal lobe was slightly impaired during cognitive aging (Morrison and Baxter, 2012) . The thalamus is responsible for the transmission, processing and execution of commands between cortical regions. Volume reduction of the thalamus and hippocampus is observed in POCDassociated case analysis by MRI , suggesting a relationship between the thalamus and POCD.
Like the hippocampus, the cingulate gyrus belongs to the limbic system and is an important structure involved in POCD (Browndyke et al., 2017) . The functional connectivity of the cingulate cortex in the collective network of the memory-associated cortex may engage in working memory efficiency (Esposito et al., 2009 ).
Conclusions and perspectives
In summary, short-term or long-term cognitive dysfunction after anesthesia/surgery is known as POCD, which affects learning, memory, information processing and cognitive function. The incidence of POCD in older people is particularly prominent. Aging coupled with outside stimuli is likely to significantly contribute to cognitive decline and the incidence of POCD in older people. The explicit connection between central inflammation and POCD has been confirmed. The dysfunctions of microglia, astrocytes and mast cells, combined with nutritional support deficiency, have been shown to play pathological roles in cognitive decline. Through interaction with the CNS, peripheral changes in the immune system are also highly involved in POCD. Unfortunately, the current findings are not adequate to clarify how glial cells regulate nerve transmission, the extent to which synaptic changes affect neurons, and the functional relationship between metabolism and synaptic structure. Existing therapies for POCD for clinical use are limited. Moreover, consensus has not been reached regarding evaluation methods and diagnostic indicators in older people with POCD. Few precautions have been emphasized for assessing individuals with cognitive loss. A considerable number of the studies remain in the stage of animal experiments or small-scale clinical trials that need further exploration, and researchers' understanding of POCD is insufficient. The cerebral impact of anesthesia and surgery is receiving more attention. With the general improvement of expected lifespan in today's society, many people choose surgery to fight diseases. However, anesthesia and surgery also bring other side effects, such as POCD, which are worrisome to both clinical workers and patients. Clinical and basic medicine personnel are devoting themselves to exploring the mechanisms of POCD to develop effective drugs and improve surgical techniques, although it will take time to find new predictors and therapeutic targets. Through systematic learning, we hope to pave the way for standardized treatment and bring understanding to patients with POCD.
